Ventricular hypertrophy is an ominous escalation of hemodynamically stressful conditions such as hypertension and valve disease. The pathophysiology of hypertrophy is complex and multifactorial, as it touches on several cellular and molecular systems. Understanding the molecular background of cardiac hypertrophy is essential in order to protect the myocardium from pathological remodeling, or slow down the destined progression to heart failure. In this review we highlight the most important molecular aspects of cardiac hypertrophic growth in light of the currently available published research data.
Etiology and Risks
Hypertrophic growth of the heart is an adaptive response to hemodynamic stress, which is believed to have a compensatory role to enhance cardiac performance and diminish ventricular wall tension and oxygen consumption [1] . Physiological hypertrophy of the heart can ensue as a result of exercise or pregnancy, and is deemed mild and/or reversible [2, 3] . However, in the presence of chronic stressful conditions such as hypertension and valvular disease, a form of pathological hypertrophy develops, which is characterized by excessive increase in ventricular dimensions, accompanied by myocardial dysfunction and fibrosis [4, 5] . These are foreboding signs of the development heart failure and pathological remodeling [6] . Additionally, myocardial supply-demand mismatch secondary to increased myocardial oxygen consumption of the hypertrophic heart further predisposes to multiple cardiovascular ailments, including arrhythmias, myocardial infarction, cerebrovascular events, and sudden death [7] . Ventricular hypertrophy is hence considered as a predictor of cardiovascular morbidity and mortality [7] .
Pathogenesis Mechanical stress
At the cellular level, cardiomyocyte hypertrophy is characterized by an increase in cell size, enhanced protein synthesis, and heightened organization of the sarcomere [8, 9] . Mechanical stress is thought to induce a hypertrophic response downstream of mechanosensitive molecules. The sarcomeric Z-disc and its associated proteins have been suggested to drive mechanical stress-induced signal transduction, a process referred to as "mechanotransduction" [4] . A good example of mechanosensitive molecules that have gained attention in recent years are a family of Z-disc-specific proteins called calsarcins, also known as myozenins [10] . Calsarcins were shown to couple the cardiac skeletal apparatus to signaling molecules that can directly influence gene expression. They do this by binding to the Z-disc myofilament anchor proteins, a-actinin and telethonin, and tethering them to calcineurin, a calcium-dependent phosphatase that was shown to directly induce cardiomyocyte hypertrophy by downstream transcriptional pathways [10, 11] .
Humoral stimuli
Humoral stimuli, on the other hand, act on cell surface receptors, triggering downstream second messenger cascades, finally culminating in cellular hypertrophic response and the associated gene expression program. Based on their target receptor, humoral stimuli can be nested under 2 major groups. The first are targeted by growth factors, such as insulin-like growth factor-1 (IGF-1) and transforming growth factor beta (TGF-b), which act on tyrosine kinase-coupled receptors (RTKs) and are responsible for the eutrophic, as well as adaptive (physiological), myocyte growth. On the other hand, G-protein-coupled receptors (GPCR)-activating molecules, such as catecholamines, angiotensin II, and endothellin-1, are linked to the ominous progression to heart failure, and hence have been the target of many pharmacological antagonists [12, 13] . This strongly suggests that a cardiomyocyte undergoing physiological hypertrophy uses different signaling pathways than another one undergoing pathological hypertrophy [8] . A good example supporting this notion is the calcineurin-nuclear factor of activated T cells (NFAT) signaling axis, which was shown to activate pathological hypertrophy [14] . Sustained elevation of calcium ions (Ca +2 ) downstream of GPCR (aq/a11 subclass) is sensed by calmodulin (Cam) and conveyed to calcineurin, an obligate dimer of regulatory and catalytic subunits with phosphatase activity. Once activated, calcineurin tightly binds and dephosphorylates conserved serine residues at the N-terminus of cytoplasmic NFAT transcription factors, permitting their translocation to the nucleus and activation of pathological hypertrophic gene expression [15] .
Similarly, activation of the mitogen-activated protein kinases (MAPK) c-Jun N-terminal kinase (JNK) was also shown to contribute to pathological hypertrophic maladaptive gene expression. On the other hand, physiological hypertrophy, such as that induced by exercise, utilizes a different signaling pathway, mainly through phosphoinositide 3-kinase (PI3K), Akt protein kinase B (PKB), and the mammalian target of rapamycin (mTOR) [15] . Studies from genetically modified animal models corroborate this notion, as Akt1 -/-mice were shown to be defective in exercise-induced cardiac hypertrophy [4] . However, one should be careful in interpreting this phenomenon, This is because cellular signaling pathways are highly intricate and interconnected, and pathways activated by either physiological and pathological pathways can converge downstream of different stimuli, as in the case of the MAPK signaling cascade, which can be initiated by GPCRs, RTKs, receptor serine/ threonine kinases, and glycoprotein receptors (e.g., gp130), as well as stretching stress [4] . Further research is still needed to better delineate the signaling pathways that govern the development of either adaptive or non-adaptive cardiac hypertrophy, as well as those driving the transition to heart failure. 
Transcriptional switch to the fetal gene program
A characteristic feature of pathological cardiac hypertrophy is the switch to the fetal gene expression profile, including upregulation of cardiac myosin heavy chain-beta (MHC-b) in lieu of the adult predominant alpha isoform (MHC-a), skeletal alpha actin (SKA), and atrial natriuretic factor (ANF) genes [16] . Additionally, cardiomyocytes switch to carbohydrate-dependent energetic machinery instead of fatty acid oxidation, which in turn necessitates alterations in expression levels of metabolic genes [17] . Interestingly, exercise-induced physiological hypertrophy was associated with downregulation of the pathological fetal gene program and suppression of NFAT activity [18] .
The role of inflammation
Importantly, inflammation was shown to be a prominent hallmark of ventricular hypertrophy [19] . Interstitial inflammatory cell infiltration involving macrophages, T-lymphocytes, fibrosis, high expression levels of cytokines such as interleukins (IL)-6, IL-1b, IL-1RA, and tumor necrosis factor-alpha (TNF-a), and activation of inflammatory signaling pathways such as nuclear factor kappa B (NF-kB) are all characteristic hallmarks of a pathologically hypertrophied heart [20, 21] . The pathogenic role inflammation plays is not clearly understood; however, it most probably exacerbates the disease condition. For example, IL-6 was shown to directly induce hypertrophy both in vitro and in vivo [22, 23] . Furthermore, macrophage microRNA-155, induced by pro-inflammatory stimuli, including lipopolysaccharide (LPS), TNF-a, and interferon-gamma (INF-g), promotes cardiac hypertrophy and failure [24] . Additionally, targeting inflammatory cell receptors and mediators was shown to modify the disease process and might preserve cardiac function [25, 26] .
The role of inflammatory cells in cardiac hypertrophy is not to be overlooked. A good example which merits further elaboration is macrophages Mj. Mj are mononuclear phagocytes widely distributed throughout the body performing important active and regulatory functions in innate and adaptive immunity, as well as a crucial role in tissue remodeling and repair [27, 28] . Two distinct phenotypes of Mj can be found in the heart: classically activated pro-inflammatory M1, and alternatively activated anti-inflammatory M2 [28, 29] . The former (M1) agitates inflammation in the heart by liberating cytokines and accelerating apoptosis, and contributes to cardiac remodeling [28, 30, 31] . The latter (M2), on the other hand, thwarts inflammation and stimulates cardiac reparative pathways and angiogenesis [31] . A strong link between Mj and hypertrophy was established; however, studies have shown that Mj depletion aggravates cardiac dysfunction upon hypertrophy, suggesting a crucial, yet-to-be-understood role in both disease process and outcome [28] . Taken together, inflammation is an attractive target for studying disease progression and developing new therapeutic interventions [26, 32] .
The role of redox signaling
The role of oxidative stress was shown to be strongly involved in the pathogenesis of ventricular hypertrophy. Reactive oxygen species (ROS) were shown to activate a plethora of signaling pathways implicated in hypertrophic growth and remodeling, including tyrosine kinases, protein kinase C (PKC), and MAPK, among others [33, 34] . Furthermore, ROS were shown to mediate angiotensin II, as well as norepinephrine-induced hypertrophy downstream of GPCR [35, 36] . Anti-oxidant treatment was shown to abolish TNF-a-induced hypertrophy via NF-kB, suggesting an important role of redox signaling in inflammationinduced hypertrophy [37] . Moreover, ROS contribute to contractile dysfunction by direct modification of proteins central to the excitation-contraction coupling (e.g., the Ryanodine receptor) [38] . Importantly, ROS are involved in the fibrotic remodeling of the heart due to their interaction with extracellular matrix and their activation of matrix metalloproteinase by posttranslational modifications [39] . Finally, ROS can contribute to the loss of myocardial mass upon cardiac remodeling by inducing cardiomyocyte apoptosis [33] .
Insights from therapy-oriented studies
At first it might seem obvious that in order to prevent, or at least, halt the progression of cardiac hypertrophy to its more pernicious stages, a correction of the predisposing hemodynamic stress and unloading the encumbered heart, by correction of blood pressure or valve disease, is crucial. However, and based on the above-illustrated molecular nature, cardiac hypertrophy and heart failure are seen as endocrine diseases. Due to the strong role of humoral stimuli in the disease pathology, targeting GPCRs by adrenergic antagonists, reninangiotensin system modulators such as angiotensin-converting enzyme (ACE) inhibitors, or angiotensin receptor blockers, has been the criterion standard therapeutic approaches for decades [40] . However, a growing body of evidence has shown that such treatment might have a ceiling effect, characterized by lack of efficacy, and even regression, in some patients [13] . A recently published study has intriguingly shown that interference with the non-canonical pathways of the transforming growth factor beta (TGFb) by Puerarin led to attenuation of hypertrophy in an AngII-induced heart hypertrophy mouse model [41] . The molecular knowledge gained from basic science has shed the lights on calcineurin as a central key player in the development of cardiac hypertrophy [14] . However, in vivo studies using calcineurin inhibitors such as Cyclosporin A have shown great discrepancies [9] . On the other hand, targeting inflammation has also been sought as a potential treatment for cardiac hypertrophy [26] . Cytokine inhibitors such as TNF-alpha antagonists have been clinically investigated for safety and efficacy, but with no apparent success so far in humans [13] . Due to the probably labyrinthine nature of inflammatory processes, a novel approach is currently under investigation that relies on the use of mesenchymal stem cells as modulators of inflammation, which are also capable of controlling inflammatory cells such as macrophages [31] . Such cell therapy-based approaches are now receiving increased attention in cardiovascular disease research.
